We have investigated the effect of annealing on the nonlocal spin valve signal in lateral spin valves with permalloy/MgO/Ag junctions. The results show that annealing up to 400 C pushes up the spin polarization of the MgO interface to 38%, resulting in an increase in the nonlocal spin valve signal of up to 77.2 m. Further increase in the annealing temperature up to 500 C causes a decrease in the spin valve signal of 48.0 m. However, the high spin polarization of 55% could be advantageous for the enhancement of the spin accumulation in lateral spin valves.
We have investigated the effect of annealing on the nonlocal spin valve signal in lateral spin valves with permalloy/MgO/Ag junctions. The results show that annealing up to 400 C pushes up the spin polarization of the MgO interface to 38%, resulting in an increase in the nonlocal spin valve signal of up to 77.2 m. Further increase in the annealing temperature up to 500 C causes a decrease in the spin valve signal of 48.0 m. However, the high spin polarization of 55% could be advantageous for the enhancement of the spin accumulation in lateral spin valves. # 2011 The Japan Society of Applied Physics N onlocal spin injection technique in lateral spin valves (LSVs) has attracted a great deal of interest in recent years due to possible application for magnetic recording and memory technologies as well as fundamental interests concerning a pure spin current, i.e., a diffusive flow of spin angular momentum accompanying no charge currents. In LSVs, which typically consist of two ferromagnetic wires bridged by a nonmagnetic wire, a spin accumulation is caused at the interface between the ferromagnetic and nonmagnetic wires by the spin injection and decays exponentially with a factor of expðÀd= N Þ, where d is the distance from the interface and N is the spindiffusion length of the nonmagnet. 1, 2) The magnitude of the spin accumulation can be detected by measuring the spin valve voltage change ÁV S between antiparallel and parallel alignments of the magnetization of the two ferromagnetic electrodes in LSVs. The key parameters for achieving a substantial spin accumulation in the nonmagnetic wire are a high spin injection efficiency across the interface, bias current applied to the injector electrode, and long N .
LSVs with Ohmic junctions and tunnel junctions were studied previously. [3] [4] [5] [6] [7] [8] [9] [10] [11] Compared with the LSVs with Ohmic junctions, tunnel-junction-based LSVs have the advantage of overcoming the spin resistance mismatch problem, which can give a large spin accumulation signal. [4] [5] [6] 10, 11) However, the spin polarization of the current through the interface decreases drastically with increasing bias voltage at the injector. 6 ) So far, tunnel-junction-based LSVs are widely using AlO x as a tunnel barrier, and the spin polarization reported is below 20%. Recently, we have reported a large ÁV S of 10 V for I ¼ 1 mA in LSVs with low-resistive NiFe (Py)/MgO/Ag junctions. 12) Further enhancement of ÁV S over 100 V is caused by annealing at 400 C in a nitrogen and hydrogen atmosphere.
13) The interface spin polarization P I can reach as high as 40%. Here, a larger P I of 55% is obtained for the Py/MgO/Ag junction with a low-resistancearea product of 0.005 m 2 after the annealing at 500 C. A systematic study of the influence of annealing on the properties of the lateral spin valves is reported.
Lateral spin valves with Py/MgO/Ag junctions are prepared on Si/SiO 2 substrates by using a shadow evaporation method, which makes it possible to deposit all layers without breaking vacuum. The pattern of the device structure is transferred to a 500-nm-thick methyl methacrylate (MMA) and 50-nm-thick poly(methyl methacrylate) (PMMA) bilayer resist by e-beam lithography. A suspended resist mask on the substrate is obtained because the bottom layer of MMA has a higher sensitivity to the electron beam than the top layer of PMMA. First, 20-nm-thick Py is deposited at an angle of 45 from the substrate normal; then, 2-nm-thick MgO is deposited at the same angle as the Py deposition. Second, 50-nm-thick Ag is deposited in the direction normal to the substrate. Finally, 3-nm-thick MgO is deposited normal to the substrate to protect Ag from oxidation in air. The device structure is the same as that in our previous studies: [12] [13] [14] the widths of the Py and Ag wires are 120 and 150 nm, respectively, and the center-to-center distance L between the Py electrodes is changed from 300 to 800 nm to determine the spin relaxation length of the Ag nanowire Ag . After the lift-off process, the samples are annealed at temperatures ranging from 300 to 500 C for 40 min in N 2 (97%) + H 2 (3%) atmosphere. Figure 1 shows the annealing temperature T anneal dependence of the spin valve signal ÁR S for LSVs with L ¼ 300 nm. The nonlocal spin valve (NLSV) measurement is performed by conventional current-bias lock-in technique with the amplitude of 100 A. The inset shows the field dependence of the spin signal for the LSVs after 400 C annealing. A clear spin valve behavior is observed; the high and low states of the spin resistance correspond to the parallel and antiparallel configurations of the two Py electrodes, respectively. ÁR S is 26.7 and 77.2 m at room temperature and 10 K, respectively. For as-deposited LSVs, ÁR S is 0.6 and 2.2 m at room temperature and 10 K, respectively. The annealing increases ÁR S by more than a factor of 30. However, a further increase in the annealing temperature to 500 C decreases ÁR S , as can be seen in Fig. 1 . In order to gain insight into the origin of the experimental trend for the annealing, the electric and crystallographic properties of the Py/MgO/Ag junctions are investigated. The T anneal dependence of the interface resistance per 1 m 2 area R IA for the Py/MgO/Ag junction and the resistivity of the Ag wire Ag are shown in Fig. 2 . Both R IA and Ag decrease with increasing T anneal . Transmission electron microscopy (TEM) is used to check the cross section of the Py/MgO/Ag junctions for all the samples. Figure 3(a) shows a TEM image of the LSVs after 500 C annealing. There is no pinhole of the MgO interface layer for all the samples. Energy dispersive X-ray spectroscopy (EDX) is used to check the composition of the MgO layer and shows that oxygen vacancies are increased to 3, 6, and 12% (compared with the as-deposited sample) by the 300, 400, and 500 C annealing, respectively. Figures 3(b)-3(e) show the energy dispersive X-ray mapping of (b) O, (c) Mg, (d) Fe, and (e) Ni from the cross section of the Py/MgO/Ag junction after 500 C annealing. Diffusion of Fe atoms into the MgO layer is observed after the 500 C annealing, yielding a drastic decrease of R IA . On the other hand, there is no interdiffusion of the MgO/Ag interface for all the samples. Figure 4 (a) shows the L dependence of ÁR S for LSVs after 400 C annealing and displays a reasonable decrease in ÁR S with an increase of L, attributable to the spin relaxation in the Ag wire. The analytical expression of ÁR S is obtained by solving the one-dimensional spin-dependent diffusion equation, 13, 15) 
where P I and P F are the spin polarizations of the currents through MgO and Py, R N , and R F are the spin resistances of Ag and NiFe, respectively, and R I is the interface resistance at the junction. The experimental data are fitted to eq. (1) adjusting the parameters, P I , P F , and Ag while setting the reported value of the spin diffusion length of Py, F ¼ 5 nm. We then obtain P I ¼ 0:33 and 0.38, P F ¼ 0:3 and 0.35, Ag ¼ 330 and 1000 nm at room temperature and 10 K, respectively. These are similar to the values obtained in our previous study.
13 ) The same procedure is performed on the experimental data for the different T anneal and then the fitting result is shown in Fig. 4(b) . P I corresponding to the spin injection efficiency of the junction increases monotonically with increasing T anneal , while ÁR S decreases as T anneal increases from 400 to 500
C. This is due to the spin resistance mismatch between Py and Ag while R IA of around 0.1 m 2 is necessary to overcome the mismatch problem, 12, 13) R IA drastically decreases from 0.041 (400 C) to 0.005 m 2 (500 C) due to the diffusion of Fe atoms into the MgO layer. However, the high P I for the 500 C annnealing could be interesting in realizing high ÁR S because the spin resistance matching is expected by increasing the thickness of the MgO layer.
The spin diffusion length of Ag is also improved by the annealing. For the as-deposited sample, Ag is 270 and 550 nm at room temperature and 10 K, respectively. After the 300 C annealing, Ag increases to 300 and 600 nm at room temperature and 10 K, respectively, and the Ag is further improved by higher T anneal . This is indeed consistent with the T anneal dependence of Ag because the spin relaxation mechanism in the nonmagnetic metal is explained using the Elliot-Yafet model. [16] [17] [18] [19] The improvement of the crystallographic properties leads to an increase in the spin relaxation time because of the suppression of the spin relaxation via impurity or grain boundary scatterings.
In summary, we have studied the annealing temperature dependence of the spin valve signal, spin injection efficiency, and spin diffusion length of the Ag nanowire in lateral spin valves with Py/MgO/Ag junctions. The spin valve signal is enhanced by improving the spin injection efficiency as well as the spin diffusion length after the annealing up to 400 C. The 500 C annealing causes a drastic decrease of the interface resistance of the junction and thus gives rise to the spin resistance mismatch problem, which decreases the spin valve signal. However, the interface spin polarization can reach as high as 55%. The lowresistance-area product and high spin injection efficiency of the junction are advantageous for the enhancement of the spin accumulation in the lateral spin valves. This could lead to the development of a fast-sensing device for ultra highdensity magnetic recording. 20) 
